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Thesis Abstract
Neuromuscular fatigue is associated with reduced supraspinal drive. Similarly, intracortical
facilitation and muscle activation are reduced following concussion. Both fatigue and mild
traumatic brain injury are associated with increased noradrenergic and serotonergic activity in
animal models. Given that monoaminergic-dependent persistent inward currents (PIC) set spinal
motor neuron (MN) gain, we speculate that PIC will increase during fatigue to compensate for
supraspinal hypoexcitability and that this will be more pronounced in people with concussion.
Therefore, the purpose of this experiment was to assess spinal MN excitability during fatigue in
people with concussion and healthy controls. 20 participants (10 concussion, average age 22.05 ±
2.25) completed two experimental sessions on two separate days (fatigue and rest, randomized and
counterbalanced). On the fatigue day, paired motor unit analysis was used to estimate soleus motor
neuron PIC, before, during, and after an isometric plantarflexion fatigue protocol (5 sets of 40, 3s
ankle plantarflexion contractions at 50% of maximal voluntary contraction). Excitability of the
soleus motor neuron pool was assessed at rest using slopes of the H reflex recruitment curve before
and after the protocol. On the rest day, estimates of PIC and H reflexes were made at the same
time points, but the fatiguing contractions were omitted. Soleus motor neuron PIC and resting H
reflexes in people with concussion were not different from the controls at any time point. When
the groups were collapsed, maximum voluntary torque declined to 92.63±8.67% (p<0.001) by the
end of the fatigue protocol. PIC increased by the 3rd (p<0.01) and 4th (p=0.026) set of fatiguing
contractions, returning to baseline by the end of the fatigue protocol (p=0.562). The slopes of the
H reflex recruitment curves did not change. It is likely that increased monoaminergic drive seen
during exercise activates soleus motor neuron PIC to enhance motor output. The increased gain
provided by PICs may serve to enhance motor output during fatiguing muscle activity.
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Glossary of Terms and Abbreviations
PIC

Persistent Inward Current, a depolarizing current generated by voltagegated channels that function to amplify and prolong synaptic input

MN

Motor Neuron, a nerve cell located in the brain and spinal cord that uses
electrical signals to the effector muscle

mTBI

Mild Traumatic Brain Injury, a subset of traumatic brain injury induced
from the brain undergoing an accelerating/deaccelerating movement

5-HT

Serotonin (5-hydroxytrapmine), a monoamine catecholamine located in
the brain and peripheral, that plays a role in mood, appetite, motor control
and sleep.

NE

Norepinephrine, a monoamine catecholamine located in the brain and
peripheral, that plays a role in arousal, mood, sleep, and setting motor
neuron gain.

AHP

After-hyperpolarization, the phase following an action potential where the
cell’s membrane potential is below it’s normal resting potential

TMS

Transcranial Magnetic Stimulation, a non-invasive technique that
assesses cortical excitability by indirectly depolarizing of corticospinal
neurons

H-reflex

Hoffman Reflex, a monosynaptic reflex elicited from electrical stimulation
of the mixed peripheral nerve. It represents the excitation level of the alpha
motor neurons by bypassing the muscle spindals and fusimotor activity
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M-wave

Mass action potential, the short latency response to a single stimulus that
represents a motor axon activation. This is taken from surface
electromyography placed over the soleus muscle

Hslp

Slope of the H Reflex recruitment curve, the slope of the linear region
which included all points between 5% of the Hmax and 10% of M-wave
Max, or until a plateau was evident

Mslp

Slopes of the M-wave recruitment curves, the slope of the linear region
which included all points between 10% and 90% of M-wave max, or until
a plateau was evident

Hmax

Maximal H reflex, represents that maximal reflex response caused by
electrical nerve stimulation. Commonly used to estimate spinal excitability.

Mmax

Maximal M wave , represents the maximal depolarization of the motor
neuron pool. Commonly used to normalize the H reflex response for
different conditions

PMUA

Paired Motor Unit Analysis, a technique to estimate persistent inward
currents in human motor neurons. Utilizes a pair of motor units to assess the
onset and cessation of a high threshold motor unit, in reference to the firing
frequency of a low threshold motor unit.

CU

Control Unit, a low threshold unit used to estimate synaptic input to the
motor unit pair in the paired motor unit analysis
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TU

Test Unit, a high threshold unit used to estimate persistent inward current
in the pair motor unit analysis

Δf

Difference in Firing Frequency, the difference in firing frequency
measured from the onset and cessation of a test unit

STA

Spike Threshold Accommodation, an increase in motor neuron firing
threshold due to a slower rate of current application

SFA

Spike Frequency Adaptation, a reduction in motor neuron firing rate in
response to a fixed current application

EMG

Electromyography, measurement of electrical activity in muscle recorded
using a surface of intramuscular electrode.

MVC

Maximum Voluntary Contraction, peak force generated by an individual
when asked to contract a muscle maximally.

MVT

Maximum Voluntary Torque, peak moment created at the ankle joint
when asked to contract maximally

SIT

Superimposed Twitch, the force generated in response to a supramaximal
stimulation delivered during a maximum voluntary contraction.

POT

Potentiated Twitch, the force generated in response to a electrical nerve
stimulation delivered following a maximum voluntary contraction.

½ RT

½ Relaxation Time, the time it takes for a twitch for to decline to half of
its peak value
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+dF/dT

The maximal instantaneous rate of muscle force development, derived
from the peak of the first derivative of muscle force development, either
voluntarily or through electrical nerve stimulation.

-dF/dT

The maximal instantaneous rate of muscle relaxation, derived from the
low point of the first derivative of muscle force relaxation or electrical nerve
stimulation

RI

Reciprocal Inhibition, inhibition of an agonist muscle through antagonist
muscle activity
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Chapter 1: Review of the Literature
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SPINAL MOTOR NEURONS AND VOLTAGE-SENSITIVE CHANNELS
Historically, spinal motor neurons were thought to play a passive role in the integration of
synaptic input, such that input was linearly summed to generate output (Hultborn & Kiehn, 1992).
However, spinal motor neurons actually play an active role in the input-output relationship due to
a number of intrinsic properties that modulate the responsiveness of the motor neuron to
descending and afferent synaptic inputs (Hultborn & Kiehn, 1992). Neurotransmitters play a major
role in mediating motor neuron output by either enhancing or reducing the motor neuron gain
(Heckman, 2003; Hultborn & Kiehn, 1992). This occurs on the dendrites (Lee & Heckman, 2000)
or the perisomatic region (Perrier and Cotel, 2008) of the spinal motor neuron which contain a
variety of voltage-sensitive channels (Heckman, 2003). In mammals, the slow activating L-type
Ca2+ channels and fast acting Na+ channels are two types of voltage-sensitive channels that play a
critical role in enhancing motor output by facilitating force production (Carlin, Jones, Jiang,
Jordan, & Brownstone, 2000; Heckman, Hyngstrom, & Johnson, 2008). These channels generate
strong persistent inward current (PIC) into the motor neuron (Heckman, Gorassini, & Bennett,
2005), which can amplify the synaptic input to a motor neuron up to five- or six-fold, while
promoting self-sustained firing in the presence of lower synaptic input (Heckman et al., 2003). Of
specific interest is the voltage-sensitive L-type calcium channels, which have been studied in turtle
(Hounsgaard & Kiehn, 1989), cat (Schwindt & Crill, 1980), rat (Button et al., 2008), and human
motor neurons (Gorassini, Knash, Harvey, Bennett, & Yang, 2004; Udina, D’Amico, Bergquist,
& Gorassini, 2010; Walton, Kalmar, & Cafarelli, 2002). Cav1.3 (α1D) is a subclass of L-type Ca2+
channels widely distributed on proximal and distal ends of the neuronal dendrites in the central
nervous system (Heckman, Lee, & Brownstone, 2003). The Cav1.3 channel activates at
approximately -45mV, in comparison to the other L-type Ca2+ channel (Cav1.2) that activates at
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positive potentials (Koschak et al., 2001). Their existence has been demonstrated in vitro, using
L-type Ca2+ channel antagonists to block self-sustained firing (Hounsgaard & Kjaerulff, 1992;
Hounsgaard & Mintz, 1988). Furthermore, while the L-type Ca2+ channels are slow to activate,
they are also slow to inactivate, making them strong candidates for persistent inward current (PIC)
channels (Perrier, Alaburda, & Hounsgaard, 2002).

PERSISTENT INWARD CURRENT
PICs were first discovered by Schwindt and Crill (1980) in the cat lumbar motor neurons.
Since then, PIC characteristics have been assessed in turtle preparations (Hounsgaard & Kjaerulff,
1992), cat preparations (Hounsgaard et al., 1988), rat models (Bennett, Li, Harvey, & Gorassini,
2001), and humans (Gorassini, Bennett, & Yang, 1998; Gorassini et al., 2004; Vandenberk &
Kalmar, 2014). Persistent inward current creates prolonged motor neuron firing after the input has
been removed. That is, when a motor neuron cell is depolarized near threshold, additional
excitatory synaptic input is amplified through PIC, and the motor neuron continues firing after the
synaptic input is lowered or has ceased (Heckman et al., 2003). Inhibitory signals (e.g. reciprocal
inhibition) reduce PIC to slow motor neuron firing rate or end self-sustained firing altogether
(Hounsgaard et al., 1988; Vandenberk & Kalmar, 2014). Thus, the presence of PIC generates
bistablity of motor unit firing rates (Heckman et al., 2003). Motor neuron excitability is greatly
influenced by the presence of monoamines. Although multiple neurotransmitters affect the gain of
the spinal motor neuron, serotonin (5HT) and norepinephrine (NE) are of particular interest. Both
monoamines are released by tracts originating in the brainstem and have profound
neuromodulatory influences on spinal motor neuron excitability and bistable behaviour
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(Hounsgaard et al., 1988; Hultborn, Denton, Wienecke, & Nielsen, 2003; Lee & Heckman, 1998a;
Lee & Heckman, 2000).

MONOAMINES AND BISTABILITY
Serotonin and Norepinephrine originate in various regions of the brainstem. Nuclei in the
pons and medulla are major sources for 5HT, while the locus coeruleus is for the site of NE
production. These nuclei have spinal projections directing their effects on the spinal motor
neuron’s dendritic tree (Heckman et al., 2008). The motor neuron dendritic tree contains many
5HT2 receptors (Alvarez et al., 1998) and NE α1-receptors (Lee and Heckman, 1999), where 5HT
and NE exert their potent effects on PIC. Monoamine contributions to bistable firing behaviour
were previously overlooked due to suppression of the brainstem activity during anesthesia used in
animal preparations (Heckman 2003). More recent procedures do not anesthetize animals and
found significant amplification of PIC and self-sustained firing in the presence of greater 5HT and
NE levels (Harvey et al., 2006a; Hounsgaard et al., 1988; Lee & Heckman, 1999, 2000). Lee and
Heckman (1999) demonstrated bistable behaviours following the administration of methoxamine
(a noradrenergic α1 agonist) in motor neurons that initially displayed partially bistable behaviour
by increasing baseline depolarization and minimizing after-hyperpolarization (AHP). This would
require less synaptic input to exceed the threshold for PIC, thus promoting bistable behaviour (Lee
& Heckman, 1999). Therefore, monoamine concentration promotes bistable behaviour in three
ways: amplifying PIC, increasing the baseline excitation of the cell membrane, and by reducing
the AHP.
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SELF-SUSTAINED FIRING AND MOTOR NEURON PROPERTIES
Plateau potentials are extremely important in motor function, minimizing the synaptic input
required to drive repetitive motor neuron firing. Self-sustained firing generated from plateau
potentials can vary in different cell types (Hounsgaard & Kiehn, 1989; Hounsgaard et al., 1988;
Rekling & Feldman, 1997; Russo & Hounsgaard, 1996). Motor neurons with low input
conductance and slow axonal conduction velocities that only require low levels of synaptic input
typically innervate slow twitch muscle fibers with high resistance to fatigue (Beaumont &
Gardiner, 2002; Lee & Heckman, 1998b). Furthermore, motor neurons with high current
thresholds, with fast conduction velocities typically innervate fast fatigable muscle fibers
(Beaumont & Gardiner, 2002; Lee & Heckman, 1998b). Thus, a continuum exists where motor
units are classified based on their associated muscle fiber properties: type S (slow, fatigableresistant), FR (fast, fatigue-resistant), and FF (fast, fatigable) (Burke, Tsairis, & Zajac, 1973).
Accordingly, plateau potentials are more commonly shown in low threshold, with low rheobase
current, and with slow axonal conduction (Lee & Heckman, 1998b; Button et al., 2006). This
would make functional sense as self-sustained firing could alleviate some of the descending drive
necessary during simple tasks such as postural stability, which would involve significant
contribution from low threshold motor neurons.

ROLE OF PERSISTENT INWARD CURRENT
PICs facilitate motor output via enhancement of synaptic input via ionotropic and
metabotropic inputs. Tendon vibration provides brief excitatory synaptic input, which can be used
to activate low-threshold motor neurons of type S motor units (Gorassini et al., 1998; Gorassini,
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Yang, Siu, & Bennett, 2002; Kiehn & Eken, 1997; Walton et al., 2002). In spinalized cat
preparations (monoaminergic input removed), activating 1a afferents via tendon vibration
generates approximately 3nA of current in the motor neuron (Lee & Heckman, 2000). Increasing
the monoaminergic drive to the motor neuron increased synaptic input four- to six-fold (Lee &
Heckman, 2000). Functionally, this makes sense given the state and task dependency of
monoaminergic drive. Monoaminergic input is suppressed during activities such as sleep (Jacobs
& Fornal, 1997), decreasing the input-output gain during a state of low to no arousal. Tasks
requiring low (e.g. posture) or high forces such as those seen during a “fight or flight” response
will require stronger monoaminergic drive and may rely on the synaptic amplification provided by
PIC (Heckman, 2003; Lee & Heckman, 2000). Furthermore, when these PICs are inhibited using
Baclogen, a PIC inhibitor, maximum voluntary contractions and associated EMG are reduced (Li,
Li, Harvey, & Bennett, 2006). Thus, PIC is both task and state-dependent. Because the
monoaminergic effects are diffuse, activating both agonistic muscle groups and antagonistic
muscle groups, one would expect a bias toward co-activation (Heckman et al., 2008). However,
PIC is highly sensitive to inhibitory stimuli, which forces PIC to deactivate. Therefore, local
inhibitory circuits such as reciprocal inhibition may work with PIC to create agonist-antagonist
coordination (Hyngstrom, Johnson, Miller, & Heckman, 2007; Vandenberk & Kalmar, 2014).

ACUTE AND CHRONIC PLASTICITY
It is evident that PIC displays plasticity. Pilot work in our lab suggests that PIC is
modulated during a fatigue protocol. Laidlaw and Kalmar assessed changes in PIC in the soleus
muscles before and after a fatigue protocol (Manuscript in preparation). Participants performed
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repetitive isometric plantar flexion contractions until maximal torque fell below 70% of their initial
value. PIC decreased by 49.7% post fatigue, compared to pre-fatigue values and recovered within
10 minutes of the end of the fatiguing protocol (Laidlaw & Kalmar, Manuscript in progress).
Further, spinal transection models reveal both acute and chronic plasticity of PIC. For example,
PIC is abolished during the acute spinal transection in rat models (Bennett, et al., 2001a; Conway,
Hultbornt, Kiehn, & Mintz, 1988; Hounsgaard et al., 1988). This is not surprising, given that
transection of the spinal cord would eliminate descending monoaminergic modulation of PIC.
However, many people with spinal cord injury report exaggerated reflexes and muscle tone leading
to spasticity (Noth, 1991). Accordingly, the plateau potentials that were initially abolished by
spinal transection returned after 4 weeks (Bennett et al., 2001; Button et al., 2008). While
uncertainty exists in what mechanisms exactly are involved, there may be a combination of factors
contributing to the returning plateau potentials. Button and colleagues (2008) found lower
rheobase, higher input resistance, larger AHP amplitudes, and a greater manifestation of PIC in
motor neurons of chronic spinal cord transection rat models, while PIC amplitudes remained
similar, indicating enhanced motor neuron excitability. In chronic spinal cord transection rat
models, small increases in exogenous 5HT and NE, (Harvey et al., 2006a; Rank, Li, Bennett, &
Gorassini, 2007) endogenous 5HT, (Harvey et al., 2006b) and their associated precursors (Conway
et al., 1988; Hounsgaard et al., 1988) are sufficient to activate their receptors, enhancing PIC. This
further stress the importance of monoaminergic drive in the mediation of PIC. Similarly, aged rats
(~30 months) display age-associated changes in motor neuron excitability mirroring those found
in spinal transection rat models, with lower rheobase, higher input resistance, larger AHP
amplitudes, and greater incidence of PIC compared to young motor neurons (Kalmar, Button,
Gardiner, Cahill, & Gardiner, 2009). This would support the hypothesis that spinal motor neuron
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gain may increase to compensate for eliminated (spinal transection) or reduced (age-related
degenerative changes) descending monoaminergic drive.

MILD TRAUMATIC BRAIN INJURY, FATIGUE, AND MOTOR NEURON
EXCITABILITY
During the acute phase of concussion recovery (1-4 weeks), motor neurons in the motor
cortex become hypoexcitable persisting beyond the resolution of symptoms as demonstrated by a
reduction in intracortical facilitation (Powers et al., 2014). Further, Powers and colleagues (2014)
found those who sustained a concussion were significantly less capable of maximally activating
muscle (71.51%+- 19.03% versus 87.33%+- 4.53%) and experienced a greater sense of effort
during submaximal contractions compared to controls (Powers et al., 2014). Concussion is also
associated with increases in tyrosine hydroxylase in the locus coeruleus of rats (Kawa et al., 2015),
and tryptophan hydroxylase 2 in the raphe nucleus (Kawa et al., 2015; McIntosh et., 1994).
Increases in these two rate-limiting enzymes were associated with increases in monoamine level
in forebrain regions that receive projections from the locus coeruleus and raphe nucleus (Kawa et
al., 2015; McIntosh et al., 1994). Interestingly, if we consider the effects of fatigue on spinal motor
neurons, striking similarities in the neuromuscular system occur, to those presented in concussion.
With fatigue, the motor cortex becomes hypoexcitable as determined by a reduction in motor
evoked potential delivered during a sustained maximum voluntary contraction of the elbow flexors
(McNeil, Giesebrecht, Gandevia, & Taylor, 2011; Pearcey et al., 2016; Todd et al., 2003). As well,
a reduction in supraspinal drive to activate the muscle during maximal voluntary contractions is
evident. This has been demonstrated using superimposed twitches delivered to the motor cortex
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via transcranial magnetic stimulation (Sogaard et al., 2006; Todd et al., 2003) and to the peripheral
nerve (Monks et al., 2016; Todd et al., 2003; Fernandez et al., 2013). A reduction in cortical
excitability would require greater supraspinal drive, and thus greater effort to maintain a constant
force output. Not surprisingly, an increase in sense of effort during submaximal contractions over
fatigue is evident (Jones & Hunter, 1983; Caffarelli & Layton-Wood, 1986). Finally, 5-HT and
NE increase over fatiguing tasks, and are the primary monoamines behind the central fatigue
hypothesis (Acworth, Nicholass, Morgan, & Newsholme, 1986). This has been demonstrated using
serotonergic agonists (Wilson and Maugan, 1992; Marvin et al., 1997) and noradregeneric agonists
(Klass et al., 2012; Roelands et al., 2008). An increase in noradrenergic and serotonergic activity
may affect function downstream to the brain, such as motor neuron properties like PIC, which
relies heavily on monoaminergic input from the locus coeruleus and raphe nucleus. We speculate
that a compensatory mechanism downstream to the brain may occur. Considering that the function
of PIC is to increase motor neuron excitability, and because the motor neuron is the final common
pathway to muscle, increased spinal motor neuron PIC would serve as an effective compensatory
mechanism for upstream hypoexcitability during concussion and fatigue. This would further
support the speculation of a compensatory response in the spinal motor neuron, in response to
supraspinal hypoexcitability.

MOTOR NEURON EXCITABILITY
An increase in motor neuron excitability would allow motor neurons to fire more readily,
improving muscle facilitation (Udina et al., 2010). It is well documented that motor neuron
excitability is modulated by many inputs, such as afferent feedback from the periphery,
interneuronal systems (for review see Jankowska, 1992), and descending supraspinal drive (Fung
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et al., 1994; Udina et al., 2010). Spinal preparations used in animal research to assess motor neuron
excitability are terminal to the animal, thus requiring an alternative approach for humans. The
Hoffman reflex (H-reflex) is widely used as an indirect measure of spinal motor neuron excitability
(McNeil, Butler, Taylor, & Gandevia, 2013). It provides information about the excitability of the
motor neuron pool and is sensitive to changes from the aforementioned inputs, as well as intrinsic
motor neuron properties. An H-reflex is elicited by electrical stimulation of a mixed peripheral
nerve causing activation of Ia afferent fibers, which then travels orthodromically towards the spinal
cord activating a portion of the motor neuron pool (Zehr, 2002). Activating the motor neuron pool
causes a long latency response in the muscle (H-reflex), that reflects the discharge of a portion of
the motor neuron pool; the more excitable the motor neuron pool is, the larger the H-reflex
response (Zehr, 2002). By increasing stimulus intensity, a direct activation of the motor neuron
occurs resulting in a short latency response (M-wave) (Zehr, 2002). By increasing stimulus
intensity, H reflex and M wave will generally increase in a negative parabolic and sigmoidal
fashions respectively. The peak of the negative parabolic curve will be used as Hmax, and the peak
of the sigmoidal Mwave response will be used as Mmax. While there are a number of ways to use
H reflex as a measurement of spinal excitability (e.g. Hmax:Mmax or H reflex/M wave pairs),
comparing slopes (Hslp:Mslp) of the recruitment curves (see Figure 4) is recommended as the best
representation of the motor neuron pool and reflex gain (Funase, Imanaka, Nishihira, & Araki,
1994; Kalmar et al., 2006). Normalizing H reflex to the Mmax (i.e., the maximum evoked motor
response) for each experimental condition avoids time-dependent (e.g. changes in skin resistance,
loss of conductive gel, fatigue-induced changes in peripheral transmission) or movementdependent (postural changes) changes, allowing for comparison across subjects and conditions
(Zehr, 2002; Kalmar et al., 2006).
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Another way we can assess motor neuron excitability is by examining the intrinsic
properties of individual motor neurons. PICs can be induced in animal models by injecting a
triangular current into the motor neuron to elicit rhythmic firing of that cell (Bennett, Li, & Siu,
2001b; Button et al., 2008). The difference in the current required to initiate firing as the current
ramped up is compared with the current at which firing ceases as the current ramps back down.
This difference is then used to estimate PIC and is referred to as recruitment de-recruitment
hysteresis (See Figure 6) (Button et al., 2008). In humans, the paired motor unit analysis (PMUA)
technique has been deemed the most effective approach to estimating PIC in human spinal motor
neurons (Bennett et al., 2001; Gorassini et al., 2004; Stephenson & Maluf, 2011). The PMUA
method uses intramuscular recordings from two isolated motor units to assess the firing properties
of the motor neuron. In lieu of a triangular ramp of current delivered to the motor neuron, afferent
drive via tendon vibration (Gorassini et al., 2004) or descending drive via a voluntary isometric
contraction (Vandenberk & Kalmar, 2014) is used to generate a triangular ramp in force production
in order to recruit motor units for the PMUA. The instantaneous firing frequencies of a lowthreshold control unit (CU) and a higher threshold test unit (TU) are recorded during this ramp
contraction via intramuscular electromyography. The CU is used as an estimate of synaptic input
to both motor units (Bennett, Li, Harvey, et al., 2001), and the differences in firing frequency (ΔF)
of the control unit at test unit recruitment compared to test unit de-recruitment provides an estimate
of PIC (See Figure 1) (Udina et al., 2010).
There are some assumptions with the PMUA method. The first assumption is the CU and
TU are receiving the same synaptic input, such that the CU will provide an accurate estimate of
synaptic drive to the TU. To test this assumption, firing frequencies of the CU and TU are plotted
against each other to determine if they are correlated. If this method reveals a high correlation
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between CU and TU firing rates, it would suggest the unit pair are modulated by common synaptic
inputs (Bennett, Li, Harvey, et al., 2001; Gorassini et al., 2002). Another assumption of the PMUA
is that the discharge rate of the control unit is an indicator of the net excitatory synaptic input to
the motor unit (Stephenson & Maluf, 2011). Saturation of discharge rates (i.e., firing frequency
plateau) in the CU while synaptic input is still increasing violates this assumption. Therefore, all
motor unit pairs with a CU discharge rate range (maximal firing rate – minimal firing rate) within
0.5 of the Δf should be excluded (Stephenson & Maluf, 2011). The last assumption is that the CU
PIC is fully activated, which may take upwards to 1-2 seconds (Stephenson & Maluf, 2011).
Therefore, there must be sufficient time (1-2s) between CU and TU recruitment for the PIC
channels to fully activate in the CU (Stephenson & Maluf, 2011). Finally, it should be noted that
Δf estimates of PIC may be inflated by other intrinsic motor neuron properties such as spike
threshold accommodation (STA) and spike frequency adaptations (SFA) (Vandenberk & Kalmar,
2014). STA and SFA are motor neuron properties that, like PIC, result in non-linear firing and
may increase Δf values, but result from mechanisms other than PIC (Revill & Fuglevand, 2011).
Given that Δf values may be influenced by intrinsic motor neuron properties other than PIC (e.g.
SFA, STA, AHP) (Revill & Fuglevand, 2011), Δf may be best considered an estimate of overall
intrinsic motor neuron excitability
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PURPOSE AND HYPOTHESES
The purpose of this experiment is to assess the effects of concussion on fatigue-associated
changes in estimated PIC and spinal motor neuron excitability of soleus motor units. It was
hypothesize that:
1)

PIC will increase to compensate for contractile failure deficits in both groups

2)

Prior to fatigue, PIC and motor neuron excitability (assessed using paired motor
unit analysis and H reflex recruitment curves, respectively) will be greater in
people

with

concussion

compared

to

controls

to

compensate

for

hypoexcitability in concussion
3)

People with concussion will exhibit greater fatigue (as determined by a greater
decline in maximum voluntary torque) when compared to controls and that this
will be due in part to a central mechanism (as indicated by a greater decline in
maximal voluntary activation)

4)

There will be a greater fatigue-associated decline in spinal excitability in people
with concussion compared to controls due to early onset of fatigue

5)

There will be a greater fatigue-associated decline in persistent inward current in
people with concussion compared to controls

23

Chapter 2: Manuscript

24

ABSTRACT
Neuromuscular fatigue is associated with reduced supraspinal drive. Similarly,
intracortical facilitation and muscle activation are reduced following concussion. Both fatigue and
mild traumatic brain injury are associated with increased noradrenergic and serotonergic activity
in animal models. Given that monoaminergic-dependent persistent inward currents (PIC) set spinal
motor neuron (MN) gain, we speculate that PIC will increase during fatigue to compensate for
supraspinal hypoexcitability and that this will be more pronounced in people with concussion. The
primary objective of this study was to assess spinal MN excitability during fatigue in people with
concussion and non-concussed controls. Twenty participants completed two experimental sessions
(fatigue and rest). Paired motor unit analysis was used to estimate soleus MN PIC, before, during,
and after a fatigue protocol. Excitability of the soleus MN pool was assessed by using slopes of
the H-reflex recruitment curve before and after the fatigue protocol. Soleus MN PIC and H-reflexes
in people with concussion were not different from the controls. Maximum voluntary torque
declined to 92.6±8.67% (p<0.001) by the end of the fatigue protocol, with no difference between
groups. PIC increased by the 3rd (p<0.01) and 4th (p=0.026) set of fatiguing contractions, returning
to baseline by the end of the fatigue protocol. The slopes of the H-reflex recruitment curves did

25
not change. Although PIC may increase during the onset of exercise, it does not appear to
compensate for hypoexcitability in people with concussion. The increased gain provided by PICs
may serve to enhance motor output during fatiguing muscle activity.
KEYS WORDS: Concussion, fatigue, motor unit, excitability, persistent inward current, H-reflex

INTRODUCTION
Concussions are a multi-dimensional brain injury affecting cognitive, psychological and somatic
performances (For review, see Barkhoudarian, Hovda, & Giza, 2016). Most often, symptoms recover within
10 days of the brain injury (Mccrea et al., 2003), but in some cases symptoms can last upwards to months
(De Beaumont, Lassonde, Lecler, & Theoret, 2007) and years (De Beaumont et al., 2009) without resolution
of symptoms. The pathophysiology immediately following a concussion ranges from changes to membrane
permeability and neurometabolic imbalances (Giza & Hovda, 2014), cortical hypoexcitability (Powers et
al., 2014), and increases in monoaminergic levels (Kawa et al., 2015; McIntosh et al., 1994). Accordingly,
those with concussion experience neuromuscular impairments demonstrated by a reduced ability to activate
muscle during maximal voluntary contractions and increased sense of effort during submaximal
contractions (Powers et al., 2014). Similarly, during fatigue transcranial magnetic stimulation and the
Hoffman reflex have demonstrated a reduction in both cortical (McNeil, Giesebrecht, Gandevia, & Taylor
2011; Pearcey et al., 2016; Todd et al., 2003) and spinal (Duchateau et al., 2002; Garland & McComas,
1990; Kalmar et al., 2006) motor neuron excitability, respectively. As well, a reduction in the ability to
maximally activate the muscle during voluntary contractions (Fernandez et al., 2013; Monks et al., 2016;
Sogaard et al., 2006; Todd et al., 2003) and an increased sense of effort during submaximal contractions
occurs (Caffarelli & Layton-Wood, 1986; Jones & Hunter, 1983). Finally, levels of serotonin (5-HT) and
norepinephrine (NE) increase over fatiguing tasks (Acworth, Nicholass, Morgan, & Newsholme, 1986) and
are the primary monoamines in the central fatigue hypothesis (For review, see Roelands & Meeusen, 2010).
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As such, it is not surprising that fatigue is a commonly reported symptom of concussion, which likely is
exacerbated when exposed to fatiguing exercise.
Persistent inward currents (PICs) are an intrinsic motor neuron property that sets the gain through
voltage-sensitive L-type Ca2+ and Na+ channels (Lee and Heckman, 1999, 2000). PICs amplify synaptic
input when near spike threshold (Lee and Heckman, 1996; 2000), and allow for prolonged motor neuron
firing in the presence of reduced synaptic input (Gorassini et al., 1998; Walton et al., 2002). PIC is
modulated via monoaminergic drive from the locus coeruleus and the raphe nucleus located in the brainstem
(Housgaard et al., 1988; Lee and Heckman, 2000) which densely project to spinal motor neurons throughout
the spinal cord (Alvarez et al., 1998; Patel, Kerr, & Maxwell, 1997). Of specific interest, 5-HT and NE
have faciliatory effects on PICs through 5-HT2a (Harvey et al., 2006; Housgaard et al., 1998; Perrier et al.,
2008; 2013) and NEα1 receptors (Lee and Heckman, 2000; Udina et al., 2010), respectively. While PICs are
highly sensitive to the excitatory effects of monoamines, they are also highly sensitive to inhibition (Kuo
et al., 2003; Rank et al., 2007). Therefore, monoaminergic drive may increase motor neuron gain via
activation of PICs, while inhibitory stimuli then attenuates specific motor neuron pools to fine-tune motor
output (For review, see Heckman et al., 2008)
In human motor neurons, paired motor unit recordings are used to estimate PIC amplitude
(Gorassini, et al., 2002, 2004; Stephenson & Maluf, 2011; Vanderberk & Kalmar, 2014). To do this, a lower
threshold motor unit (control unit) acts as a sensitive indicator of the net excitatory synaptic input to a motor
neuron pool during a slow increasing and decreasing ramp contraction. PIC magnitude of a higher threshold
motor unit (test unit) can be estimated by subtracting the firing rate of the control unit at test unit offset
from onset (ΔF). Thus, in the presence of PIC, motor units can continue to fire at lower levels of excitatory
input than required to activate which is denoted by a positive ΔF (Bennett et al., 2001; Gorassini et al.,
2002).
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Therefore, the purpose of this research was to assess the effects of concussion on fatigue-associated
changes in spinal motor neuron excitability by using the paired motor unit analysis and the Hoffman reflex
(H reflex). It was hypothesized that those with concussion will experience greater resting spinal motor
neuron gain, as determined by greater ΔF estimates of PIC and slopes of the H reflex recruitment curves to
compensate for cortical hypoexcitability typically seen in concussion populations. Furthermore, there will
be greater fatigue-associated decline in spinal excitability in people with concussion compared to controls.

METHODS
Participants
Twenty university-aged (22.05 ± 2.25 years) participants (9 female) were recruited for this
research study. Participants with acute or chronic ankle or knee injuries and neuromuscular
disorders (other than concussion) were excluded from the study. Participants in the concussion
group (n=10) of this study had: 1) sustained a concussion diagnosed by a physician; and 2) been
cleared by a physician to return to school and work but not sport or regular exercise. Participants
were included in the control group (n=10) if they did not report a concussion in the past 2 years.
This project was approved by the university ethics board (REB #5372) and is in accordance with
the Declaration of Helsinki. All participants provided written informed consent prior to
participating and all identifying data remained confidential.
Prior to study enrollment, each participant completed an orientation that included a detailed
explanation of the study, completion of the informed consent document (Appendix A), and a
prescreening questionnaire (Appendix B), which was used to obtain information such as age,
concussion history, medical conditions and current medications, sport/exercise history, activity
levels, and type of training. Demographic information and concussion history are included in

28
Table 3-1 and 3-2. Participants were familiarized with the procedures used in the protocol, such as
performing maximum voluntary plantar flexion contractions, tracing submaximal plantarflexion
force targets on a computer monitor, and becoming accustomed to the electrical nerve stimulation.
Finally, participants were asked to refrain from heavy exercise for 24 hours prior to the testing day
to mitigate prior confounding effects of neuromuscular fatigue. They were also asked to avoid
consuming caffeine on the day of testing.

Experimental Setup
Participants were seated upright in a chair and the right leg was positioned in a custommade leg dynamometer with adjustable braces to hold the ankle, knee, and hip joint angles at 90°
flexion (Figure 2). Non-compressive padding was placed between braces and body segments
(anterior surface distal quadriceps, anterior surface of distal leg, and dorsal surface of foot) to
cushion the leg and prevent discomfort during isometric plantarflexion. Force was amplified 10x,
digitized at a sampling rate of 1000Hz, and low-pass filtered at 50Hz offline.
Surface Electromyography
Surface electromyography (EMG) was recorded using Delsys parallel-bar recording
electrodes (Delsys Bagnoli DE-2.1, Natick, MA, US) each with 10x1mm recording surface. Skin
preparation included shaving the skin under the surface EMG and ground electrodes and scrubbing
with an isopropyl alcohol swab. Surface electrodes were placed over the lateral slip of the soleus
muscle and the muscle belly of the tibialis anterior, parallel with the muscle fibers. Muscle activity
was amplified 1000x (Delsys Bagnoli-16 EMG system) and digitized at 2 kHz (CED 1401mk3).
Using Spike2 (v 7.04) software, a high-pass filter of 10Hz was applied to the surface EMG
recordings.
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Intramuscular Electromyography
Intramuscular EMG recordings were obtained using three 50.8μm stainless steel wires
(California Wire) inserted into the soleus muscle near the musculotendinous junction, using a
sterilized 26 gauge (1 ¼”) hypodermic needle. The cut ends of these Formvar-insulated wires
served as the recording surfaces. These wires input to a preamplifier (x300, Motion Lab System,
Baton Rouge, LA, US) which input to a variable-gain, second-stage amplifier (10x, Neurolog
model 106, Digitimer, Greenvale, NY, US). This intramuscular signal was bandpass filtered from
1-10kHz (Neurolog model 126, Digitimer, Greenvale, NY, US) and sampled at 20kHz (CED
1401mk3). Motor unit action potentials were recorded and discriminated by shape and amplitude
using Spike2 v7.04 software (Figure 3), and manually confirmed on a spike-by-spike basis to
improve discrimination accuracy.
Electrical Nerve Stimulation
Tibial nerve (innervating the soleus muscle) stimulation was achieved using monopolar
electrodes. The cathode (1cm2 carbonized rubber) was placed within the popliteal fossa and the
anode (2.5cm2 carbonized rubber) was placed immediately superior to the patella. The stimulating
electrodes were connected to a stimulator with an adjustable current intensity and pulse duration
(Digitimer DS7A). 1000-µs pulses were used to elicit H reflex recruitment curves and
superimposed and potentiated twitches.

Protocol
Participants came into the lab and completed an orientation session. If they were able to
successfully perform isometric plantar flexion contractions to trace triangular ramp force templates
on a computer monitor and agreed to take part in the study, they were scheduled for two 2-hr
experimental sessions (fatigue day and control day, randomized and counter-balanced, Figure 5A).
Each experimental day was divided into three sections: prefatigue, fatigue, and recovery. At each
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time point, 1) maximum voluntary contractions (MVCs) with superimposed and potentiated
twitches, 2) H reflex and M wave recruitment curves, and 3) triangular ramp contractions to obtain
estimates of PIC from paired motor unit recordings (Figure 5b), were recorded. These measures
and the fatigue protocol are discussed in detail below.
Maximum Voluntary Contractions
Prior to the fatigue protocol, a maximum M-wave was found by progressively increasing
stimulation intensity applied to the tibial nerve, until the peak-to-peak amplitude ceased to
increase. Participants performed a series of MVCs of the plantar flexor muscles of the right leg
interspersed with 2-minute rest periods. During each MVC, a supramaximal stimulus (120% of
the current required to elicit a maximum M-wave) was applied to the tibial nerve during peak force
production (eliciting a superimposed twitch (SIT)) and again at rest to elicit a potentiated twitch
(POT) following the MVC (Gandevia, 2001; Behm, St-Pierre, & Perez, 1996). This was repeated
until two MVCs were within 5% of each other, and the supermaximal stimulation failed to elicit
an increase in force production. The higher of the two was used as the MVC and was used to set
force targets for the triangular ramp contractions and fatigue protocol. If the participant was unable
to maximally activate muscle during the MVC attempt, the SIT was divided by the POT to provide
an estimation of muscle activation. This equation follows:

𝑣𝑜𝑙𝑢𝑛𝑡𝑎𝑟𝑦 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 = (1 −

𝑆𝐼𝑇
) 𝑥100
𝑃𝑂𝑇

The potentiated twitch was also used to assess the contractile characteristics of muscle which will
be described in more detail in the data analysis section.
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H reflex and M wave Recruitment Curve
A series of 1000-µs square-wave pulses (Digitimer Constant Current Stimulator DS7AH),
with interpulse intervals of 6s were applied to the tibial nerve to illicit the H reflex and M wave
responses in the soleus. A low intensity stimulus causes depolarization of Ia afferents and
propagation of an action potential orthodromically towards the spinal motor neuron, causing
depolarization of spinal motor neurons and subsequent activation of skeletal muscle recorded as
an H-reflex on the EMG (~30 ms after stimulus). A progressive increase in stimulus intensity
resulted in activation of efferent motor axons (due to fiber diameter size), resulting in an action
potential propagating orthodromically towards the neuromuscular junction where it was recorded
as an M wave on the EMG (~6-9 ms after stimulus). Stimulus intensity was gradually increased
from zero to an intensity that elicited a maximum M wave (Mmax), which represents activation of
the entire motor neuron pool. During these recruitment curves, participants were asked to limit
movement, as joint position and muscle length changes affect the H reflex amplitude (Zher, 2002).
Triangular Ramp Contractions
Participants performed four to six triangular ramp contractions of the plantar flexors prior
to fatigue, following each fatigue set, and again following a recovery period of 15 minutes (Figure
5b). Triangular ramp contractions spanned a total duration of 10s (5s of increasing isometric force
and 5s of decreasing isometric force) interspersed with 3s, to a peak force that recruited 2 or 3
motor units (Vanderberk & Kalmar, 2014; Stephenson & Maluf, 2011). This force was typically
around 10-15% of MVC. Motor unit recordings collected during these ramp contractions were
used to estimate PIC as described below.
Fatiguing Protocol
Participants performed five sets of 40 submaximal plantarflexion contractions at 50% of
their MVC. Each set lasted three minutes, while each fatiguing contraction lasted approximately
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three and a half seconds (three second plateau, one half second ascend and descend) with one
second of rest between. Participants were prompted to contract and relax at appropriate intervals
by a pre-recorded audio file. Following each fatigue set, participants performed a MVC with
superimposed and potentiated twitches, and four to six triangular ramp contractions. The time
between sets ranged from 45 to 60 seconds. MVC, H-reflex recruitment curve, and triangular ramp
contractions were completed following 15 minutes of recovery after the last fatigue set. The nofatigue day was identical to the fatigue day aside from the fatiguing contractions, which was
replaced with rest periods of equal duration. See figure 5B for a schematic diagram of the
experimental days.

Data Analysis
Paired Motor Unit Recordings
To estimate PIC, single motor unit discharges (spikes) from the intramuscular EMG
recordings were discriminated automatically and then manually confirmed using Cambridge
Electronics Design Spike2 software (Figure 3). Motor units were discriminated based on shape
and size, and their instantaneous firing rates were plotted against time on a scatter plot and fit to
4th order polynomials. The difference between the control unit (low threshold unit) smoothed firing
rate at test unit (high threshold unit) recruitment and de-recruitment was used to estimate of PIC
of the test unit (denoted by Δf, see Figure 1) (Gorassini et al., 2002, 2004; Stephenson & Maluf,
2011; Vanderberk & Kalmar, 2014). Motor unit pairs met several criteria before they were used in
the analysis. First, to allow for full PIC saturation of the control unit, only test units that were
recruited ≥1s after the onset of the control unit were used in this analysis. To ensure that the control
unit remained a responsive indicator of synaptic excitatory input to the motor neuron pool, motor
unit pairs were discarded if the discharge rate modulation (maximum firing frequency – minimum
firing frequency) of the control unit was within 0.5 of test unit Δf (Stephenson & Maluf, 2011;
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Vandenberk & Kalmar, 2014). Finally, to assess common synaptic drive to motor unit pairs, their
instantaneous firing rates were calculated as the reciprocal of the time between motor unit action
potentials. Using 500-ms bins, firing frequencies during the active periods of both control unit and
test unit were averaged, and rate-rate correlation values greater than r=0.7 were used (Stephenson
& Maluf, 2011; Gorassini et al., 2002). The first mean rate was excluded for the rate to rate
correlations to control for unstable start-up frequencies that occur during the onset of contraction
(Gorassini et al., 2004). Finally, to control for the effects of spike threshold accommodations on
estimated PIC values, only ramps with the same peak force with the same motor unit pairs
throughout each experimental day were used (Vanderberk & Kalmar, 2014).

H reflex recruitment curve
H-reflex and M-wave recruitment curves were created by plotting peak-to-peak H reflex
and M wave amplitudes as a function of current intensity. To account for variability in H reflexes
between subjects and between testing time points, peak-to-peak amplitudes of H reflex and M
waves were normalized to the maximal M wave amplitude and were plotted against stimulus
intensity (as a percentage of maximum stimulus intensity) to generate H reflex and M wave
recruitment curves for each subject (Figure 4). To estimate the excitability of the soleus spinal
motor neuron pool, slopes of the linear regions for the H reflex (Hslp) and M wave (Mslp)
recruitment curves were used. Several criteria were used to determine the linear region of the
recruitment curves. First, analysis of the linear region for Hslp included all data points between 5
% of the H-reflex and 10% of M-wave max, or until a plateau was evident. The analysis of the
linear region for the Mslp included all data points between 10% and 90% of M-wave max, or until
a plateau was evident. A plateau was defined as 3 points were within 2% of each other. Using the
linear region, the slopes of the linear region were calculated. To ensure these slopes were an

34
accurate representative of the linear regions, an r2 value of 0.8 was accepted. Hslp/Mslp was used
as a measure of spinal motor neuron pool excitability (Figure 4). Finally, if an M-wave was
apparent during the H-reflex recruitment curve but remained stable (i.e., did not change more than
5%), this was deemed acceptable for analysis (Crone et al., 1990). A stable M-wave would activate
a consistent number of efferent motor across the H-reflex recruitment curve (Crone et al., 1990).
Contractile Properties
Twitch amplitude (TWamp) and half relaxation time (½ RT) were obtained from the
potentiated twitch elicited following the MVC. The force was differentiated, and maximal
instantaneous rates of force production (+dF/dt) and force decline (-dF/dt) were also obtained
during the potentiated twitch.

Statistics
All statistics were performed in SPSS (SPSS 20 for Macintosh, IBM Corporation, Armonk,
New York, USA). Assumptions of sphericity were tested using Mauchley’s test. If violated, the
degrees of freedom were corrected using Greenhouse-Geisser estimates of sphericity. The effects
of fatigue and concussion on MVC, maximal voluntary activation and Δf estimates of PIC were
assessed using a 2x7x2 mixed ANOVA to compare the effects of day (fatigue versus no-fatigue),
time (pre-fatigue, set 1, set2 set3, set4, set5, and recovery) and group (concussion versus control).
The effects of fatigue and concussion on Hslp/Mslp were assessed using a 2x3x2 (day x time x
group) mixed ANOVA were performed to compare the effect of day (fatigue versus no-fatigue),
time (pre-fatigue, post-fatigue, and recovery) and group (concussion versus control). Fisher’s
Least Significant Difference (LSD) post-hoc analysis was used to detect differences between
means when significant (p < 0.05) main effects or interactions were identified. Little’s Missing
Completely at Random (MCAR) test was used to determine if missing data points are missing at
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a true random, or if it is a result of systematic bias. If Little’s MCAR returned non-significant, the
missing data points were replaced with estimated values using linear regression.

RESULTS
Assumptions of the Pair Motor Unit analysis
A total of 280 motor unit pairs were initially identified in this experiment. These motor
unit pairs came from 20 participants (10 control and 10 concussion). Of the 280 potential motor
unit pairs, 241 motor units pairs met the assumptions of the paired motor unit technique
(Stephenson & Maluf, 2011). Specifically, there was common synaptic drive to the test and control
unit (r=0.91±0.07), test units were recruited ≥1s after control units (2.16±0.68 s), and control unit
firing frequency range (ffmax- ffmin) was ≥0.5 (6.37±2.45 Hz) of the test unit ΔF (Table 3-3). The
other 39 motor unit pairs were omitted because they did not meet the assumptions of the paired
motor unit analysis, or because the same motor unit pair could not be followed throughout the
experiment. Because Little’s MCAR test was non-significant (p=0.611), the 39 motor unit pairs
that were omitted were replaced with estimated values determined from linear regression to avoid
a reduction in statistical power.

Voluntary Torque, Voluntary Activation, and Twitch Characteristics
There was no effect of concussion on MVT between or within days (p=0.466). When the
two groups were collapsed, initial (pre-fatigue) MVT was the same on the two testing days
(p=0.972) and declined over the course of fatigue protocol compared to the control day (F [2,41]
= 0.81; p=0.047) (Figure 7). MVT fell to 92.6±8.67% (p<0.001) of the pre-fatigue value by the
fifth set of the fatigue protocol. There were no significant main effects of fatigue or concussion
on Voluntary Activation (p=0.624 and p=0.617, respectively). Similarly, contractile properties
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(Ptw, ½ relaxation time, +dF/dT, and -dF/dT) were not affected by fatigue or concussion. Twitch
characteristics are summarized in Table 3-4.

Effects of Fatigue and Concussion on ΔF Estimates of PIC
There was no effect of concussion on ΔF estimates of PIC (p=0.416) and therefore the
reported results are from all 20 participants. While there were no between-day differences for
initial (pre-fatigue) ΔF measurements (p=0.954), there was a significant effect of fatigue on ΔF
estimates of PIC (F [6,108] = 2.606; p=0.021). PIC significantly increased by the 3rd (p<0.01) and
4th (p=0.026) set of fatiguing contractions (2.03±0.74 to 3.18±1.32 and 3.05±1.54, respectively),
returning to baseline by the 5th set of contractions (p=0.562) (Figure 8). ΔF estimates of PIC did
not change over the course of the rest protocol.

Effect of Fatigue and Concussion on the Hoffman Reflex
A possible 17 of 20 participants (8 Control, 9 Concussion) participants produced an H
reflex on both days. Of these 17, there was no effect of fatigue (p=0.606) or concussion (p=0.613)
on the H reflex determined by Hslp:Mslp (Figure 9). Hslp:Mslp remained consistent from prefatigue to post-fatigue (2.19±1.59 vs 2.11±1.24) (Figure 9). There were no between day differences
for initial Hslp:Mslp Measurements (p=0.52).

Relationship between Number of Concussions on initial ΔF estimates of PIC
There was no correlation between initial ΔF values and number of concussions (r=0.498,
p=0.143) (Figure 10), the severity of symptoms on the day of testing (r=0.02, p>0.05) and number
of days since last concussion (r=0.35, p>0.05).
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DISCUSSION
This is the first study to assess the effects of fatigue on ΔF estimates of PIC in human spinal
motor neurons. In the present study, we used estimates of PIC and the Hoffman reflex to investigate
how spinal motor neuron gain is affected by fatigue and concussion. When following the same
motor unit pair, we found that ΔF estimates of PIC increased by 53% by the end of the third set of
fatiguing contractions, and then declined to baseline values by the end of the fatigue. We
hypothesized that people with concussion would exhibit greater estimates of PIC than those
without concussion, and that the fatigue-associated deficits in PIC would be greater in the
concussion population. Contrary to our hypotheses, those with concussion did not exhibit an
enhancement in motor neuron gain as determined by estimated PIC and the Hoffman reflex.
In the past, PIC has compensated for hypoexcitability in both aged (Kalmar, Button,
Gardiner, Cahill, & Gardiner, 2009) and spinal cord injury (Button et al., 2008; Harvey, Li, Li, &
Bennett, 2006; Gorassini, Knash, Harvey, Bennett, & Yang, 2004; Bennett, Li, Harvey, &
Gorassini, 2001) populations. Thus, we hypothesized that PICs would serve as a compensatory
mechanism for failure in the muscular contractile apparatus during fatigue (Garland, 1990;
Gardland & McComas, 1991; Kalmar Del Balso, & Cafarelli, 2006). However, the increase in PIC
that we observed over the first three sets of contractions did not appear to compensate for
contractile failure, given that twitch amplitude, rate of force development and rate of relaxation
did not change. There are several explanations for the lack of contractile failure on the fatigue day.
First, the soleus is a fatigue-resistant muscle, predominantly composed of type-I oxidative muscle
fibers (Gollnick, Sjodin, Karlsson, Jansson, & Saltin, 1973; Westerblad, Bruton, & Katz, 2010).
Accordingly, it is not surprising to see little change in contractile function with the level of fatigue
elicited in this protocol. Secondly, the time between sets required to acquire ΔF estimates of PIC,
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provided significant periods of recovery from fatigue for the participants. It is possible that there
was a recovery from any build-up of metabolic byproducts (i.e., inorganic phosphate, lactate, and
H+ ions) or changes in the calcium milieu, which are commonly associated with peripheral fatigue
(For review, see Allen, Lamb, & Westerblad, 1996). This is supported by previous literature that
used an intermittent, isometric contraction protocol to elicit fatigue and either found no changes in
maximal force producing capacity (Duchateau, Balestra, Carpentier, & Hainau, 2002) or required
long durations (60-75 minutes) before substantial changes in MVT were experienced (Kalmar et
al., 2006). Replicating this study using a more fatigable muscle would provide insight the
relationship between muscle contractile failure and PIC and should be considered for future
research.
To determine whether PIC would compensate for failure upstream to the spinal motor
neuron, we added a group of participants who had experienced a concussion. In this case, we
proposed that PIC may increase to compensate for cortical hypoexcitability. Although concussion
is associated with cortical hypoexcitability in several studies (Powers et al., 2014; De Beaumont
et al., 2007), our estimates of PIC did not differ between the two groups. There are a couple of
potential explanations for the lack of difference, which most likely stem from the study design. To
begin with, we did not use a very homogeneous sample in the present study. Most studies
investigating the effects of concussion on cortical excitability recruit varsity football athletes with
sport-related concussion (Powers et al., 2014; De Beaumont et al., 2007). The present study did
not control for the cause of concussion, and while this makes it more generalizable to the public,
the heterogeneity of the sample does render the results more susceptible to variability.
Interestingly, there was a trend toward participants who had experienced a greater number of
concussions having higher initial ΔF estimates of PIC (Figure 10). A cumulative effect of
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concussions on the motor system has been shown previously with those who have experienced
multiple concussions exhibiting a longer cortical silent period than their non-concussed
counterparts (De Beaumont et al., 2007). Accordingly, future work with a larger sample size may
reveal a compensatory increase in PIC.

Furthermore, a study investigating both cortical

excitability and PICs in the soleus would provide a better understanding of the relationship
between the excitability of upper and lower motor neurons following concussion.
It is also possible that PIC is not a compensatory mechanism for failure but is instead
responsive to activity-induced increases in monoaminergic input at the onset of exercise. Little is
known about the time course of changes in monoaminergic drive in humans, but it has been shown
that levels of norepinephrine are higher in humans (Arida, Naffah-Mazzacoratti, Soares, &
Cavalheiro, 1998) and rats (Elam, Svensson, & Thoren, 1987) following exercise. However, the
exercise protocol used by Arida and colleagues involved whole body exercise for 70 minutes in
contrast to the isometric contractions across a single joint used to elicit neuromuscular fatigue in
the present study. Differences between to the two study designs make it difficult to attribute
increased PIC in the present study to the state-dependent change in norepinephrine observed during
whole-body exercise. It is more likely that the increase in raphe nucleus activity is a result of
increased motor output, as seen during locomotion (Jacobs et al., 2002; Barbeau & Rossignol,
1991; Rasmussen, Morilak, and Jacobs, 1986). Therefore, increases in serotonergic drive through
activation of the raphe nucleus during the onset of the fatiguing contractions may be responsible
for increases in PIC, an idea that is supported by animal models that apply 5-HT agonists to
facilitate PICs (Harvey et al., 2006a; Hounsgaard & Kiehn, 1989; Hounsgaard & Mintz, 1988;
Perrier, Alaburda, & Hounsgaard, 2002). An activity-induced increase in PIC would enhance
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spinal motor neuron excitability, such that less excitatory drive is required to maintain output at
the onset of muscle activity.
The changes in PIC across the fatigue protocol were not linear, with PIC increasing during
the first three sets of contractions, followed by a reduction in PIC by the end of the fatigue protocol.
The time course of changes in 5-HT dictates whether its effects are facilitatory or inhibitory. 5-HT
is one of the primary monoamines implicated in the original central fatigue hypothesis and has
been shown to have negative impacts on performance in both animals (Bailey, Davis, & Ahlborn,
1993; Soares, Lima, Cimbra, & Marubayashi, 2003; Farris et al., 1998) and humans (Marvin et al.,
1997; Wilson & Maughan, 1992). It is possible that during the first three sets of fatiguing
contractions when PIC was enhanced, 5-HT promoted the excitability of motor neurons via PICs
by acting on 5-HT2a receptors (Rank et al., 2007; Harvey et al., 2006a). However, by the end of
the fifth set of fatiguing contractions, 5-HT had inhibitory effects by acting on 5-HT1a receptors,
through something called a “spillover effect” (Cotel, Exley, Cragg & Perrier, 2013; Perrier &
Cotel, 2008). This is supported in humans by administering a 5-HT1a receptor agonist buspirone,
and a selective serotonin reuptake inhibitor paroxetine, which both induced faster exhaustion
during exercise (Marvin et al., 1997; Wilson & Maughan, 1992). However, the high levels of 5HT that are required to induce the spillover effect, are associated with central fatigue (Meeusen,
Watson, Hasegawa, Roeland, & Piacenti, 2006; Davis, Alderson, & Welsh, 2000), which was not
evident in our protocol. Therefore, it is unlikely that 5-HT was responsible for a reduction in PIC
by the end of the fatigue protocol. Another possibility for the reduction in estimated PIC towards
the end of the protocol, is the activation of nociceptive group III and IV afferents. Group III and
IV afferents increase over fatigue which reduces spinal motor neuron excitability (Gardland et al.,
1990; Garland, 1991; Kaufman & Rybicki, 1987). A buildup of metabolic by-products over the
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fatigue protocol, may have activated group III and IV afferents, thereby inhibiting the alpha motor
neuron (Garland 1991). Again, this is unlikely as submaximal intermittent contractions such as
those used in the present study are not associated with the buildup of metabolic byproduct in a
previous study (For Review, see Vollestad & Sejersted, 1988). A more probable explanation for
the reduction in PIC is an increase in antagonistic activation of the tibialis anterior. This could
have caused reciprocal inhibition of the soleus motor neurons via Ia inhibitory interneurons, which
has been shown to reduce PIC upwards to 70 percent (Hyngstrom et al., 2007; Kuo et al., 2003;
Vanderberk & Kalmar, 2014). Other inhibitory stimuli such as recurrent inhibition via Renshaw
cells also play a major role in determining motor neuron excitability during volitional movement
and should not be overlooked (for review, see Jankowska, 1992), however their effect on PICs
have not yet been established. Finally, it has been argued that the central nervous system governs
activation of peripheral system to avoid critical damage from occurring in the muscle (Noakes,
2011). Thus, descending input with direct (vestibulo-spinal, and pyramidal) and indirect (cortico, rubro-, and reticulo-spinal tracts) effects on the Ia inhibitory interneurons (for review, see
Jankowska, 1992) may downregulate activity in motor neurons responsible for activating the
soleus (demonstrated by a reduction in PIC) to protect the muscle from reaching a critical level.
Other intrinsic motor neuron properties may have influenced ΔF estimates of PIC, such as
spike frequency adaptation (SFA), spike threshold accommodation (STA), changes to the paired
motor unit analysis assumptions over the fatigue protocol and PIC warmup. Triangular ramp
contractions parameters were chosen based off recommendations from work completed by
Vanderberk & Kalmar (2014). To minimize the effects of SFA and STA on ΔF estimates of PIC,
ramps of 10 second duration (5s ascend, 5s descend) with no plateau were chosen (Vanderberk &
Kalmar, 2014). It is possible that fatigue caused an increase in SFA (Bigland-Ritchie, Dawson,
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Johansson, & Lippold, 1986; Kernell & Monster, 1982) which resulted in greater ΔF values. Little
is known about the effects of fatigue induced from intermittent contractions on SFA, but it’s
potential to inflate ΔF values over fatigue should not be overlooked. The paired motor unit analysis
requires motor units to meet several criteria (see Methods). Past literature recommends a minimum
of 2s between control and test unit onset due to slow activation of PIC channels (Stephenson &
Maluf, 2011; Bennett et al., 2001a), to avoid underestimation of PIC that would occur if control
motor unit PIC was not fully activated. In the current study, we used a time of ≥1s (1.01s-i4.12s)
between the control and test unit onsets as acceptable for analysis. Using this criterion, our findings
support those of Powers et al., (2008) in which time between control and test unit onset in this
range did not affect ΔF estimates of PIC. Furthermore, the time between control and test unit onset
remained relatively stable over the fatigue protocol (2.22± 0.74s), and thus cannot be used to
explain changes in estimated PIC. Likewise, the common synaptic input to the motor unit pair and
control unit discharge rate modulation also remained stable across the fatigue protocol (0.92±0.07
and 6.04± 2.12, respectively). Thus, changes in estimates of PIC over the course of the fatigue
protocol were not likely due to changes in motor unit discharge characteristics that underlie the
assumptions of the paired motor unit technique. Finally, it is possible that PIC warmup occurred
in this study. To avoid this in the past, triangular ramps were separated by 30s (Vanderberk &
Kalmar, 2014; Gorassini et al., 2002; Udina et al., 2010). However, to minimize the recovery from
fatigue between sets of contractions, ramps were not separated by 30s. Given the lack of passive
rest from the onset of the fatigue protocol to the end, all triangular ramp contractions were preceded
with muscle activation. Thus, it is likely that the effects of PIC warmup were at least consistent
across the fatigue protocol. Nonetheless, PIC warmup may provide an unlikely, but alternative
explanation to the change in ΔF estimates of PIC over the fatigue protocol.

43
In the current study, ΔF estimates of PIC increased over the onset of activity and then
declined over the last two sets of the fatigue protocol. While the mechanisms behind the change
in PIC as fatigue progressed are left unknown, the observed increase in PIC may function to
increase motor neuron gain to facilitate to motor output. This enhancement of PIC is extremely
important for voluntary motor output, allowing movements such as locomotion to be performed
with less supraspinal modulation. Understanding how PICs function in fatigable muscles such as
vastus lateralis and tibialis anterior would provide further understanding of the role of PICs during
more extensive fatigue, such as that experienced in sport. Furthermore, investigating the role of
PICs in a fatigue-prone clinical population, such as multiple sclerosis or during the acute phase of
concussions may provide greater insight on the cause of fatigue in these populations. Finally,
combining the techniques used to assess PIC with those of TMS may unravel the state-dependent
role of PIC during exercise, with motor enhancement during the onset of activity, but as a
protective mechanism with the onset of fatigue.
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TABLES
Table 3-1. Demographic and concussion information by group (mean± standard deviation)
Concussion

Control

Participant (n)

10

10

Age (years)

21.10±2.55

23.00±1.34

# of Concussions (range)

3.90±1.64 (1-7)

-

Days since last concussion
(range)

174±141 (18-476)

-

SCAT3 symptom score
(range)

1.89±1.36 (0-6)

-

Significance was set at p<0.05, and indicated by *(Fisher’s LSD post-hoc p<0.05)
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Table 3-2. Individual concussion characteristics. Concussion severity values taken from a Scat 3
assessment.
Participant

Number of
concussions

Concussion
severity (0-6)

Time since last
concussion
(Day)

Number of
reported
symptoms

1

1

3.524

18

21

2

4

0.381

231

8

3

7

2.381

160

16

4

4

3.333

70

21

5

4

4.238

304

18

6

6

0.714

476

11

7

3

0.524

280

11

8

4

0.857

143

14

9

2

0.762

18

10

10

4

2.238

40

17

Average

3.9

1.895

174

14.7
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Table 3-3. Paired motor unit analysis assumptions on both experimental days. Values presented
as means ± standard deviation
PreTesting

PostSet 1

PostSet 2

PostSet 3

PostSet 4

PostSet 5

Recovery

Common
Synaptic
Input

Fatigue 0.93±
0.06

0.92±
0.08

0.93±
0.05

0.89±
0.09

0.92±
0.06

0.93±
0.06

0.93±
0.06

Rest

0.92±
0.06

0.93±
0.06

0.90±
0.07

0.92±
0.08

0.91±
0.07

0.91±
0.09

0.91±
0.06

Saturated
Firing Rates
(Range-ΔF)

Fatigue 6.30±
1.60

5.68±
1.88

5.96±
2.12

5.81±
2.01

6.02±
2.68

6.30±
1.82

6.16±
2.58

Rest

6.87±
2.61

6.20±
2.16

6.26±
2.54

6.32±
2.30

6.62±
2.59

7.13±
3.03

7.42±
3.59

Time
between Test
and Control
unit

Fatigue 2.14±
0.65

2.12±
0.65

2.05±
0.70

2.21±
0.76

2.31±
0.82

2.31±
0.76

2.41±
0.78

Rest

1.90±
0.46

2.03±
0.60

1.97±
0.57

2.08±
0.76

2.19±
0.66

2.11±
0.59

2.24±
0.57
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Table 3-4. Changes in potentiated twitch, ½ relaxation time, rate of change in force, and M-wave
from baseline to peak potentiation, following fatigue/rest protocol, and a 15-minute recovery
period. Values presented as means ± standard deviation.
Pre-testing

Potentiated
Twitch (n)
½
relaxation
time (s)

+Tw Δf/Δt
(n/s)
-Tw Δf/Δt
(n/s)

M-wave
(mV)

Post-set 3

Post-set 5

Recovery

P
value
0.163

Rest

0.18 ± 0.10

0.18 ± 0.10

0.17 ± 0.10

0.16 ± 0.09

Fatigue

0.20 ± 0.11

0.21 ± 0.11

0.20 ± 0.11

0.15 ± 0.09

Rest

0.080 ± 0.014

0.078 ±
0.013

0.081 ±
0.019

0.081 ±
0.015

Fatigue

0.080 ± 0.014

0.078 ±
0.014

0.078 ±
0.014

0.077 ±
0.012

Rest

2.55 ± 1.45

2.41 ± 1.39

2.31 ± 1.40

1.98 ± 1.24

Fatigue

2.47 ± 1.44

2.71 ± 1.48

2.74 ± 1.45

2.02 ± 1.24

Rest

-4.41 ± 2.64

-4.23 ±
2.54

-4.05 ±
2.60

-3.43 ±
2.27

Fatigue

-4.20 ± 2.66

-4.74 ±
2.80

-4.68 ±
2.78

-3.64 ±
2.24

Rest

3.02± 1.14

3.08 ± 1.11

3.09 ± 1.12

3.09 ± 1.11

Fatigue

3.13 ± 1.03

3.05 ± 1.06

2.93 ± 1.09

2.98 ± 1.07

Significance was set at p<0.05, and indicated by *

0.062

0.120

0.114

0.135
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Table 3-4. Individual concussion characteristics. Concussion severity values taken from a Scat 3
assessment.
Participant

Number of Concussions

Concussion Severity (0-6)

Time since last
concussion (Day)

1

1

3.524

18

2

4

0.381

231

3

7

2.381

160

4

4

3.333

70

5

4

4.238

304

6

6

0.714

476

7

3

0.524

280

8

4

0.857

143

9

2

0.762

18

10

4

2.238

40

Average

3.9

1.895

174
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FIGURES

Figure 1: An example of how PIC is estimated using the pair motor unit analysis
technique. The firing rate of the control unit at test unit onset is subtracted from the firing rate of
the control unit at test unit offset (denoted by Δf).
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Figure 2. McComas boot. Custom-built leg dynamometer measures isometric plantarflexion
and dorsiflexion torque. S-type load cell underneath the footplate collects the dorsi/plantarflexion
force.
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Figure 3. Intramuscular recordings. Intramuscular EMG clearly reveals the individual
action potentials (termed spikes) of multiple motor units. Individual motor units are automatically
and manually discriminated by their shape and size using Spike2 software.
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Figure 4: An example of how spinal motor neuron excitability is estimated
comparing the slope of the H reflex to the M wave. Increasing stimulus intensity (left)
demonstrates the generation of the H reflex and M wave. Peak-to-Peak amplitudes are normalized
to an M-wave maximum and plotted against stimulus intensity (as a percentage of maximum
stimulus intensity (right). A higher Hslp/Mslp ratio would indicate a more excitable spinal motor
neuron pool. This figure has been adapted from Walton et al., 2003.

67

Figure 5: (A) Experimental design. Participants randomly underwent either a fatigue or a
no-fatigue day. Motor neuron excitability, persistent inward current, voluntary activation, and
maximum voluntary torque was assessed before, during, immediately after, and post 15 minutes
after the fatigue or rest duration. (B) Protocol. The protocol begun with a series of maximum
voluntary contractions (MVCs) of the plantarflexors, until true maximum voluntary torque was
reached. This was determined by two MVCs falling within 5% of each other. H reflex and M wave
Recruitment curves were completed to assess motor neuron excitability. Persistent inward current
was estimated using the pair motor unit recordings during the isometric triangular ramp
contractions at ~10% of their established MVC. Participants performed a maximum voluntary
contraction where they received a supramaximal stimulation (denoted by ) during and again at
rest . Participants completed five sets of 40 submaximal isometric plantarflexion contractions at
50% of their MVC. MVC’s, PIC, and Voluntary Activation were assessed at seven different time
points, these included prior to fatigue, following each fatigue set, and again following 15 minutes
of recovery. Motor neuron excitability, as determined by the H-reflex recruitment curves, was
assessed prior to fatigue/rest, following the fatigue/rest protocol, and again at post 15 minutes.
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Figure 6: An example of estimating PIC in a healthy rat taken from Button et al.,
(2008). The top trace represents the motor neuron discharge in response to an injected ramp
current (bottom). The dashed lines represent motor neuron recruitment and derecruitment, and
estimated PIC was calculated by subtracting the current at motor neuron derecruitment from the
motor neuron recruitment.
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Figure 7: Changes in maximum voluntary torque over the rest and fatigue
protocol. * Significant (p<0.05) difference between groups at post fatigue set 5. Data is
represented as means± SD. Fisher’s LSD post hoc analysis of two-way repeated measures ANOVA
(**P<0.01).
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Figure 8: Effect of fatigue and concussion on ΔF estimates of persistent inward current. There
was no effect of group on ΔF estimates of PIC (Concussion ●, Control ▲). Significant (p<0.05)
time effect of fatigue (green) on ΔF estimates of PIC at post fatigue set 3 (p<0.01) and 4
(p<0.05). Data are represented by means ± SD. Fisher’s LSD post hoc analysis of two-way
repeated measures ANOVA (*P<0.05).
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Figure 9: Excitability of the motor neuron pool, as determined by the Hslp:Mslp.
Concussion did not effect spinal motor neuron excitibility (Top). Spinal motor neuron pool
excitability did not change over fatigue when the concussion and control groups were pooled
(Bottom). Data are represented by means ± SD.
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Figure 10: Effect of the number of concussions on averaged ΔF estimates of PIC
Spearman’s correlation reveals no significant effect of the number of concussions on the averaged
ΔF value taken from triangular ramps performed prior to the fatigue and rest protocol (r=0.50,
p=0.14).
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Chapter 5: General Discussion and Future Directions
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Concussions present deficits in three domains of the central nervous system: cognitive,
psychological, and somatic. In most cases, symptoms resolve within the first 7-10 days post injury
(McCrea et al., 2003). However, in 10-20% of cases, symptoms remain for months to years
following the concussion (De Beaumont et al., 2009). Perhaps the most difficult aspects of
studying the effects of concussion, is the variability in symptoms presented. Further, the symptoms
presented often change from the acute phase following injury to the post-concussive phase when
recovery

is

prolonged.

Currently,

researchers

are

attempting

to

understand

what

neurophysiological deficits are experienced in those with a concussion, in attempts to better
understand the underlying mechanisms behind the symptoms experienced. Understanding how
these symptoms respond to stressors such as fatigue, will provide insight on the reoccurrence of
concussion. As such, the purpose of this thesis was to assess the effects of concussion on fatigueassociated changes in estimated PIC and spinal motor neuron excitability of soleus motor units.
Previous research has found PIC to compensate for aged-induced (Kalmar et al., 2009) and
spinal cord injury (Button et al., 2008; Gorassini et al., 2004) hypoexcitability. Therefore, it was
hypothesized that PIC would compensate for muscle contractile failure during fatigue. This study
revealed a temporary increase in persistent inward current (PIC) during the onset of contractions,
followed by a decline by the end of the fatigue protocol. This may suggest that PIC enhances motor
output during the onset of exercise, and then as exercise progresses, may be inhibited through
activity of the antagonist. The soleus is a fatigue-resistant muscle, which is actively used during
daily tasks such as walking, climbing stairs, and postural adjustments. Not surprisingly, the soleus
was partially resistant to the fatigue protocol, revealing a reduction in maximum torque produced
but not deficits in contractile failure. A protocol that elicits greater fatigue in the soleus or assessing
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PIC in a fatigue-susceptible muscle would provide greater insight on the state-dependent changes
in PIC.
It was also hypothesized that PIC would function as a compensatory mechanism for cortical
hypoexcitability in those with concussion. Contrary to this hypothesis, a compensatory mechanism
in PIC does not occur, but these results should be interpreted with discretion due to the low sample
size and variability in concussion demographics. The cumulative effects of concussion on cortical
excitability has been shown previously, which those who experienced a greater number of
concussion exhibited a prolonged silent period. Similarly, we found a trend in those who
experienced a greater number of concussions also experienced higher resting estimates of PIC,
however this was not significant. The number of concussions experienced by those who
participated in this study ranged from 1-7 leaving rendering this group susceptible to variability.
Future research should attempt to elaborate on this relationship between the number of concussions
on spinal motor neuron properties. If those who experience a greater number of concussions are
already in a state of elevated motor neuron gain, then it is reasonable to suspect fatigue-associated
declines in PIC would occur earlier. As a result, this may leave athletes susceptible to early-onset
fatigue and the potential for re-injury during the return to sport. Finally, this relationship could be
confirmed by using transcranial magnetic stimulation in conjunction with estimates of PIC. This
would provide a better understanding of the reciprocal relationship between the brain and the
spinal alpha motor neuron.
The H reflex is an accepted method to estimate spinal excitability in humans. While
Hmax:Mmax is most commonly used to assess spinal motor neuron pool excitability, this study
employed a comparison between slopes of the H reflex and M wave curves. This provides a better
indication of spinal reflex gain across the entire pool, rather than just at one specific point (i.e., H
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max), but it is subject to limitations. First, to avoid post activation depression, stimuli were
interspersed with 6s. Consequently, each curve took approximately 5 minutes to complete, during
which recovery from fatigue occurred. It is possible that the fatigue elicited in this study had
recovered by the time the recruitment curve was fully recorded, which would explain the lack of
change. Secondly, the H reflex is subject to presynaptic inhibition. Presynaptic inhibition is
affected by afferent feedback from other peripheral receptors (i.e., mechano-receptors, muscle
spindles, & Golgi tendon organs) and supraspinal input. Therefore, feedback from contralateral
muscle activity reduces the reflex amplitude. To avoid this, a low-level contraction (~10%) is
performed during the H reflex recruitment, which would inhibit presynaptic inhibition and reduce
variability. While this minimizes variability and the effects of PSI, the H reflex is influenced by
fatigue induced from the sustained contraction and small changes in the muscle activity. Given the
duration of the recruitment curve, using a low-level sustained contraction was not seen as a viable
option for this study, but can be used to explain the variability between participants.
This study used estimates of PIC and the Hoffman Reflex to assess spinal motor neuron
gain during fatigue and concussion. It was found that ΔF estimates of PIC increased during the
onset of exercise, and then reduced to baseline values by the end of the fatigue protocol. It should
be noted that the paired motor unit analysis assesses PIC amplitude. It is possible that PIC
amplitude does not change to compensate for deficits elsewhere, but the incidence of PIC does. If
this were the case, work from this study would align with research conducted in stoke populations
which found no changes in ΔF estimates of PIC (Mottram et al., 2009), and research that did find
increased incidences of PIC in spinal cord injury and aging population, but not changes in ΔF
amplitudes (Button et al., 2008; Kalmar et al., 2009). While the incidence of PIC was not tested in
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this study, future studies may assess the bistability of spinal motor neurons during fatigue and
concussion to better understand the potential for a compensatory mechanism provided by PIC.
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Appendix A: Inclusion and Exclusion Criteria
Inclusion/Exclusion Criteria Questionnaire
Participant

Date

Age

Group

1. Have you ever suffered a concussion? YES / NO / UNSURE
2. If yes to #1,
a. When was your most recent concussion? ___________________
b. Was this diagnosed by a physician? YES / NO
c. If no, who diagnosed your most recent concussion? Circle One
Myself

Athletic Therapist

Chiropractor

Coach

Other__________

d. How long did the symptoms for the most recent concussion last? Circle one
1-3 days

4-7 days

8-10 days

11-14 days

more than 2 weeks

more than 30 days

e. How many concussions have you had? ________
f. Were these all diagnosed by a physician? YES / NO
3. Have you ever been hospitalized, knocked out (unconscious), or lost your memory due to
a head injury? YES / NO
a. Please describe_____________________________________________________
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4.

In the 24-hour period following your last concussion, how would rate the following
symptoms?
None

Mild

Moderate

Severe

Headache

0

1

2

3

4

5

6

‘Pressure in head’

0

1

2

3

4

5

6

Neck Pain

0

1

2

3

4

5

6

Nausea or vomiting

0

1

2

3

4

5

6

Dizziness

0

1

2

3

4

5

6

Blurred vision

0

1

2

3

4

5

6

Balance problems

0

1

2

3

4

5

6

Sensitivity to light

0

1

2

3

4

5

6

Sensitivity to noise

0

1

2

3

4

5

6

Feeling slowed down

0

1

2

3

4

5

6

Feeling like ‘In a fog’

0

1

2

3

4

5

6

‘Don’t feel right’

0

1

2

3

4

5

6

Difficulty concentrating

0

1

2

3

4

5

6

Difficulty remembering

0

1

2

3

4

5

6

Fatigue or low energy

0

1

2

3

4

5

6

Drowsiness

0

1

2

3

4

5

6

Trouble falling asleep

0

1

2

3

4

5

6

More Emotional

0

1

2

3

4

5

6

Irritability

0

1

2

3

4

5

6

Sadness

0

1

2

3

4

5

6

Nervous or Anxious

0

1

2

3

4

5

6
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5.

In regard to how you feel NOW, how would rate the following symptoms?
None

Mild

Moderate

Severe

Headache

0

1

2

3

4

5

6

‘Pressure in head’

0

1

2

3

4

5

6

Neck Pain

0

1

2

3

4

5

6

Nausea or vomiting

0

1

2

3

4

5

6

Dizziness

0

1

2

3

4

5

6

Blurred vision

0

1

2

3

4

5

6

Balance problems

0

1

2

3

4

5

6

Sensitivity to light

0

1

2

3

4

5

6

Sensitivity to noise

0

1

2

3

4

5

6

Feeling slowed down

0

1

2

3

4

5

6

Feeling like ‘In a fog’

0

1

2

3

4

5

6

‘Don’t feel right’

0

1

2

3

4

5

6

Difficulty concentrating

0

1

2

3

4

5

6

Difficulty remembering

0

1

2

3

4

5

6

Fatigue or low energy

0

1

2

3

4

5

6

Drowsiness

0

1

2

3

4

5

6

Trouble falling asleep

0

1

2

3

4

5

6

More Emotional

0

1

2

3

4

5

6

Irritability

0

1

2

3

4

5

6

Sadness

0

1

2

3

4

5

6

Nervous or Anxious

0

1

2

3

4

5

6

6. Do the above symptoms get worse with exercise? YES / NO
7. Do the above symptoms get worse with mental activity or an increased amount of
computer screen time? YES / NO
8. Please list any medications that you are currently taking below.
________________________________________________________________________
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9. Please check any of the following activities, devices, or diagnosed medical conditions
that apply to you. If uncomfortable or unsure about answering certain questions, direct
your questions to the primary investigator.
ACL injury/repair
Any lower body injury made worse with exercise
Neurological disorder
Fainted giving blood or having blood drawn in the past
Ergogenic aids (sports supplements)
Smoking
Caffeine consumption
If you do consume caffeine, how many times do you consume caffeine products per day?
___________________________________________________________________________
On average, how many times do you go to the gym per week? ______________
What type of exercise do you do on a regular basis (weekly)
Resistance (e.g. free weights and/or machines)
Endurance (e.g. treadmill, and/or stationary bike)
Other _____________________________
Rate your intensity of exercise (please refer to the chart provided to determine intensity).
___________________________________________________________________________
Please indicate the average duration of one workout session (in minutes) ______________
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Appendix B: Informed Consent Document

WILFRID LAURIER UNIVERSITY
INFORMED CONSENT STATEMENT
The Effects of Concussion on Spinal Motor Neuron Excitability

You are invited to participate in a research study at Wilfrid Laurier University. The purpose of
our study is to provide further insight into the relationship between concussions, fatigue, and
motor neuron excitability. This study was approved by the WLU Research Ethics Board (REB#
5372)

Student Investigator:
Name:

Chris Compton

Institution:

Wilfrid Laurier University

Phone:

(519) 884-0710 ext. 3334

Email:

Comp9000@mylaurier.ca

Co-Investigator:
Name:

Nathalie Cecire

Institution:

Wilfrid Laurier University

Phone:

(519) 884-0710 ext. 3334

Email:

Ceci3030@mylaurier.ca

Supervisor:
Name:

Dr. Jayne Kalmar

Institution:

Wilfrid Laurier University
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Phone:

(519) 884-0710 ext. 2033

Email:

jkalmar@wlu.ca

INFORMATION

Thirty university-aged participants will take part in this research study. The aim of this study is
two-fold, (I) to assess spinal motor neuron excitability in people who have recently sustained a
concussion, (II) to investigate the relationship between lower leg fatigue and the properties of
spinal motor neurons. The experiment will take place in room NC119 of the Northdale Campus
at Wilfrid Laurier University, which is located on the corner of Hickory Street and Hazel Street.
Upon arrival, you can dial the lab extension (3334) from the outdoor keypad at the main entrance
and a member of the laboratory will meet you there at the entrance. Electrodes will be attached to
the skin over a nerve in your leg and when stimulated it will cause muscles in your leg to
contract. This procedure involves brief (0.2 or 1ms) electrical stimuli, which will be applied to
the skin over a peripheral nerve via a nerve stimulator to elicit an involuntary muscle "twitch".
This is similar to the nerve stimulation that you may have experienced in a therapy clinic or an
undergraduate physiology lab. This stimulation has minimal risks, which are stated in the “risks”
section below. Intramuscular electrodes that are made out of very fine wires will be inserted into
your leg to record the electrical activity within the muscle when you contract your leg
voluntarily. For this procedure, you will have two fine wires inserted into your soleus muscle
using a 27-gauge hypodermic needle. The soleus muscle is located in your lower limb, within the
calf muscle group. Surgical grade wire that is intended for intramuscular recordings will be used
in the procedure. These electrodes are single-use only and sterilized prior to insertion. The
associated risks can be seen below. Because this is a fatigue protocol, you will not be able to stop
and rest once you begin, but you may cease participation at any time and withdraw from the
study. However, the fatigue is minimal and confined to one muscle group. The first day (of three
days total) that you visit our laboratory will be an orientation day (approximately 30 minutes).
During this orientation session you will be introduced to the techniques employed in this study
(nerve stimulation and intramuscular recordings). If you complete the orientation and find that
you are uncomfortable with the procedures and do not wish to participate in the study, you can
dropout at any point without consequence. During the orientation session, we may find that we
are unable to record the reflex we are interested in. It is not recordable in all people (this
variability has nothing to do with health or neurological status). If we cannot elicit this reflex
during the orientation, we will not be able to enroll you in the experiment. If we can elicit the
reflex and you are interested in completing the experiment, we will contact you to schedule the
next two experimental days (approximately 2 hours each).
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RISKS

Physical risks:
We will shave the area of skin under each electrode. Redness or irritation of the skin in the area
where electrodes are attached may occur; but should be temporary (1-2 days). This is more likely
to occur if you have an allergy to adhesives (e.g. if you experience redness and skin irritation
when you use bandaids or medical tape).

Electrical nerve stimulation applied using a nerve stimulator will cause twitching of the muscles
and potential discomfort. This procedure is non-invasive and does not cause damage to the nerve
or other tissue, but some people find it unpleasant. You will have an opportunity to experience
this technique during the orientation session so that you can decide whether or not you are
comfortable with this sensation. There is a muscle fatigue protocol in this experiment.
Therefore, post-experimental muscle soreness, similar to that following an acute bout of exercise
may be experienced.

The initial insertion of the intramuscular electrode may cause a stinging sensation due to the
alcohol used to clean your skin. There is also a remote risk of infection with the insertion of the
intramuscular electrodes. Needles and electrodes are sterilized using an autoclave, and your skin
is cleansed with alcohol to mitigate the risk of infection. Furthermore, the researcher will be
using non-latex gloves during the protocol. Needles and fine-wire electrodes are never reused.
Localized bruising is possible (<0.5cm diameter) around the insertion site of the electrode,
similar to that experienced following a blood test. The bruising generally subsides within 48
hours and is not typically associated with any discomfort.

Emotional risks:
Anxiety due to the electrical stimulation may cause emotional stress. To accommodate for such,
gradual increase in the nerve stimulation intensity will allow participants to adjust and become
accustomed to the stimulation. If you are uncomfortable with needles, you may feel anxiety or
lightheadness with the insertion of the electrode. If this happens, the experiment will be
concluded immediately, the electrode will be removed, and you will be allowed to rest and drink
juice or water until you feel better.
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Individuals with concussion may experience exacerbated symptoms as a result of this
experiment, similar to those experienced from screen time or from well-lit rooms. If you become
symptomatic, the procedure will conclude immediately.
If you feel uncomfortable and do not wish to continue at any point in the experiment; you may
end the experiment and withdraw from the study without any consequence.

BENEFITS

You will not benefit directly from participating in this study. However, this study will help us in
understanding how concussion affects the neural inputs modulating spinal excitability.
Furthermore, this will add to the previous research regarding effects of fatigue on spinal
excitability in both healthy and injured populations. A summary of the results for this
investigation will be available following the conclusion of this study upon request. If you wish to
have access to this summary may contact Chris Compton (comp9000@mylaurier.ca).

INCLUSION AND EXCLUSION CRITERIA

To be included in this study, you must have recently sustained a concussion diagnosed by a
physician and have been cleared to return to school and work but not sport, by that physician. If
you have an ankle or knee injury or have been diagnosed with a neurological disorder you will
not be able to participate in the study because these conditions confound the interpretation of the
data.

CONFIDENTIALITY

All anonymized data collected in this study will be stored indefinitely in NC119 and will only be
accessible by the investigators. All measures will be taken to ensure your privacy and all your
data will be coded and identified by a participation code. Group results will be submitted for
publishing in various research journals, and data may be re-analyzed in the future as a separate
project. Individual results will remain completely confidential and not published to ensure your
privacy.
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CONTACT

If you have questions at any time about the study or the procedures you may contact the
researcher (Chris Compton, ext. 3334) or supervisor (Dr. Kalmar, ext.2033). If you have any
concerns, you may also contact the WLU Research Ethics Board at reb@WLU.ca

PARTICIPATION

Your participation in this study is voluntary; you may decline to participate without penalty. If
you decide to participate, you may withdraw from the study at any time without penalty and
without loss of benefits to which you are otherwise entitled. If you withdraw from the study
before data collection is completed your data will be destroyed.

FEEDBACK AND PUBLICATION
During and following completion of this study, you are able to ask any specific questions that
you may have. Results of this study will be publicized as a thesis document and in an academic
journal, and might be made available through open access resources. If you wish to receive
feedback upon the completion of this study in May 2018 please email Chris Compton at
comp9000@myluarier.ca

CONSENT
I have read and understand the above information. I have received a copy of this form. I agree
to participate in this study.

Participant's signature____________________________________

Date _________________

Investigator's signature___________________________________

Date _________________
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